ABSTRACT Southern chinch bug, Blissus insularis Barber, is a severe pest of St. Augustinegrass throughout the southern United States. Host plant resistance is an environmentally friendly method to manage chinch bug infestations and is increasingly important, as the southern chinch bug develops resistance to insecticides. In this study, in an effort to understand resistance mechanisms in two varieties of St. Augustinegrass ('FX-10' and 'NUF-76'), we used the electrical penetration graph method to quantify stylet probing behaviors in two resistant and two susceptible St. Augustinegrass varieties. Overall, chinch bugs spent less time probing on resistant FX-10 and NUF-76 than on susceptible 'Floratam' and 'Palmetto', and individual probes were shorter in average duration but more numerous in resistant varieties than in susceptible varieties. During probing, chinch bugs spent more time in pathway-associated stylet activities (i.e., penetration through epidermal and mesophyll tissue) in the resistant varieties than in the susceptible varieties, likely indicating difficulty in finding and accessing an ingestion site. As a consequence, chinch bugs spent proportionately much less time engaged in xylem ingestion in both resistant varieties than in susceptible varieties but only in FX-10 were phloem-associated activities significantly reduced compared with those in susceptible varieties. We conclude that there is evidence for non-phloem-associated chinch-bug resistance factors in both NUF-76 and FX-10, and phloemassociated factors in FX-10.
Introduction
St. Augustinegrass, Stenotaphrum secundatum (Walter) Kuntze, is the most widely planted turfgrass in Florida (Trenholm et al. 2011 ) and other Gulf Coast states. St. Augustinegrass is estimated to cover >400,000 ha in Florida (Hodges et al. 1994 ) and accounts for 51% of the sod industry in Florida, with a value of US$199 million annually (Satterthwaite et al. 2009 ). The southern chinch bug, Blissus insularis Barber, is the most serious insect pest of St. Augustinegrass (Trenholm et al. 2011) . The annual cost of southern chinch bug management and losses in Florida alone was estimated at US$5 million in 1983 (Hamer 1985) and is undoubtedly much more today. The economic importance of this insect is further augmented by its recent development of resistance to several key insecticides (Reinert and Portier 1983; Cherry and Nagata 2005, 2007; Vazquez et al. 2011) .
Historically, host plant resistance has been one of the most successful pest management methods for southern chinch bug. 'Floratam', a polyploid variety of St. Augustinegrass with resistance to southern chinch bug, has been available in Florida and Gulf Coast areas since its release in 1973 (Horn et al. 1973) . However, by 1985 a population of southern chinch bug had overcome Floratam's resistance in Florida (Busey and Center 1987) . Although significant progress has been made in identifying new sources of southern chinch bug resistance in St. Augustinegrass lines, such as the polyploid 'FX-10' (Busey 1993) and the diploid 'NUF-76' (Nagata and Cherry 2003 ; released by the University of Florida in 2007 as 'Captiva'), the mechanisms of resistance in these varieties are not well established. Rangasamy et al. (2006) investigated categories of resistance to southern chinch bug, a salivary sheath feeder, in FX-10 and NUF-76 and reported high levels of antixenosis in both lines and possible antibiosis in NUF-76. Higher mortality of southern chinch bugs has been reported on resistant FX-10 and NUF-76 than on susceptible Floratam, 'Palmetto', and 'Bitter Blue' (Nagata and Cherry 2003) ; however, the cause of mortality is still unknown. Possibly the mortality is due to starvation because of reduced feeding on resistant varieties. Rangasamy et al. (2009a) found that the sclerenchyma cells surrounding the vascular bundles of resistant FX-10 and NUF-76 had much thicker secondary cell walls than did the schlerenchyma in susceptible Floratam and Palmetto, suggesting a physical impediment to stylet probing and penetration to phloem sieve elements, the preferred site of ingestion. Alternatively, the mortality may be caused by toxic secondary metabolites present in phloem sap or lack of nutrients after sustained ingestion. Oxidative enzymes, particularly peroxidases, increased in resistant varieties 5 d after chinch bug infestation compared to control uninfested plants, but susceptible varieties did not show a similar response to chinch bug infestation (Rangasamy et al. 2009b) .
It is essential that we understand the intricacies of stylet probing behavior of southern chinch bugs on these resistant and susceptible St. Augustinegrass varieties in order to elucidate further the mechanisms of resistance in FX-10 and NUF-76. In the research reported here, we used the electrical penetration graph (EPG) technique to investigate the stylet probing behavior of southern chinch bugs. The waveforms produced by adult chinch bugs while probing on St. Augustinegrass previously were characterized using an AC-DC EPG monitor and their putative biological meanings were established (Backus et al. 2013) . In this article, we quantify and compare durations and counts of waveforms produced by southern chinch bugs while probing on two resistant St. Augustinegrass varieties, FX-10 (polyploid) and NUF-76 (diploid), and two susceptible varieties, Floratam (polyploid) and 'Palmetto' (diploid). Polyploid varieties of St. Augustinegrass generally have coarser, thicker leaf blades and short internodes, whereas diploid varieties have thinner, narrower leaf blades (Busey 1986 (Busey , 1993 . It is possible that probing of southern chinch bugs differs on varieties whose leaf morphology differs, so we specifically compared probing on resistant and susceptible varieties within ploidy level.
Materials and Methods
Plants and Insects. Rooted single-node cuttings of four varieties of St. Augustinegrass, two susceptible and two resistant, were grown in a greenhouse in plastic pots (12.5 cm in diameter by 12.5 cm in height) containing a potting medium of 1:1 (v/v) fine sand and Fafard mix number 2 (Conrad Fafard, Agawam, MA). Plants were fertilized with Osmocote Plus 15-9-12 (Scotts-Sierra Horticultural Products Company, Marysville, OH) at the rate of 5 g kg À1 of growing medium. Plants used in the experiment were 6-8 wk old and had stolons of $30-40 cm in length with a minimum of three nodes.
Southern chinch bugs were collected in Royal Palm Beach (Palm Beach County, FL) from infested St. Augustinegrass lawns, as described by Cherry (2001) . Adults and nymphs were collected by suction into a modified WeedEater Barracuda blower and vacuum (Poulan/Weedeater, Shreveport, LA). In the laboratory, fifth instars were separated from the debris and placed into 20-liter plastic buckets with a moist paper towel at the bottom to prevent desiccation of insects. Insects were provided with freshly cut stolons of Bitter Blue (not one of the varieties tested using EPG) and maintained at 26 C under a photoperiod of 14:10 (L:D) h. Three-to five-day-old adult female chinch bugs were used for the experiment.
EPG Equipment and Data Acquisition. A fourchannel AC-DC EPG monitor (similar to the AC-DC EPG correlation monitor described in Backus and Bennett [2009] ) was used to record the probing behavior of southern chinch bug on the four grass varieties. Plants, insects, and head-stage amplifiers were all placed inside a Faraday cage, constructed of 1.27-cm mesh galvanized hardware metal cloth (LG Sourcing Inc., N. Wilkesboro, NC), to reduce external electrical noise. The pots containing the plants were placed on wooden blocks to isolate them from the Faraday cage. An input impedance level of 10 7 X was used for all four channels and the test plants were supplied with a 10 mV, 1000 Hz AC substrate voltage via a plant electrode (24-gauge copper wire of 10 cm length) inserted 3 cm into the moistened soil of the plant's pot. Input impedance of 10 7 X was found to be optimal to balance both resistance (R) and electromotive force (emf) components of waveforms produced by probing of the southern chinch bug (Backus et al. 2013) .
Insects were removed from the colony, placed as a group in a plastic container in the isolated EPG assay room maintained at 26 6 2 C with a photoperiod of 18:6 (L:D) h, and starved for 3 h before wiring. A 12.7-mm-diameter gold wire (sold as 0.0005 in.; Sigmund Cohn Corp., Mt. Vernon, NY) was glued to the pronotum of the insect using silver conductive paint (Ladd Industries, Burlington, VT). The insect was held immobile during application of the wire tether by placing its abdomen in a Pasteur pipette tip under low vacuum suction pressure. After wiring, the insects were allowed to rest on a moistened paper towel for a 1-h period before recording.
A selected stolon from one of the four St. Augustinegrass varieties was laid down, adaxial surface up, along a Plexiglas stage (20 cm in length by 5 cm in width) and fixed in place using strips of Parafilm (Pechiney Plastic Packaging, Menasha, WI). The Plexiglas stage was held horizontally by an alligator clip connected to a "helping hand" holder (van Sickle Electronics, St. Louis, MO). The use of the horizontal stage allowed insects that had left the plant the opportunity to return (unless they had fallen off the stage and hung suspended from their wire tether). The changes in R, emf, or both, during stylet probing in the plant were amplified, rectified, and digitized at a sample rate of 100 Hz using a DI-720 analog-to-digital board as described by Almeida and Backus (2004) and recorded using a Dell Core 2 Duo laptop computer with WinDaq Pro þ software (Dataq Instruments, Akron, OH). All recording started at 1600 hours and continued for 24 h simultaneously on the four varieties of St. Augustinegrass; probing was artificially terminated for insects with mouthparts still inserted in the plant at 24 h. There were 22 replications, each consisting of all four varieties arranged randomly inside the Faraday cage and connected individually to one of the four channels of the monitor. Recordings from replicates where one or more of the insects did not feed or died during the 24-h period were discarded and were not included in the 22 replicates total.
Waveform Descriptions. The waveforms produced by probing of the stylets of southern chinch bug in St. Augustinegrass have been categorized and described based on their stereotypical patterns (Backus et al. 2013 ). There are five waveform families produced during probing (G, H, J, I, and N) and several waveform types within those families (G1, G2, H-I1, H-I2, J-I1, J-I2). The nonprobing waveform family, Z, consists of two waveform types: Z1-insects off the plant, and Z2-insects on the plant, walking, or resting, and considered to represent the nonprobing baseline. Brief descriptions of the waveforms at input impedance of 10 7 X and their putative biological meanings are mentioned below, but details are found in Backus et al. (2013) .
Family G. G waveforms are the first waveforms recorded during a chinch bug probe. Both G1 and G2 are considered indicative of the stylet pathway phase, with G1 having high amplitude spikes of irregular frequency and G2 having irregular spikes with amplitude about half that of G1 waveforms. The electrical origin of the waveforms is entirely R and the proposed biological meaning is secretion of thick gelling saliva and formation of the salivary trunk early in the stylets' pathway through the epidermis and parenchyma to the vascular tissue.
Family H. This waveform always follows G and is characterized as medium amplitude spikes with an underlying regularly repeating waveform of 7-8 Hz. It is produced later in the pathway phase, has mixed electrical origin with both R and emf components, and is hypothesized to indicate secretion of mixtures of enzymatic watery saliva and gelling saliva and penetration deeper into the leaf toward the vascular bundle.
Family J. The J waveform is quite stereotypical in appearance and usually occurs abruptly after H waveforms. It is characterized by a rapid rise to a positive medium amplitude peak and then a long negativegoing slope, ending in a small voltage drop. The J waveform is of mixed electrical origin and is proposed to be a putative X wave (Backus et al. 2013 ) indicating penetration of stylets into the preferred site of ingestion, which, in the case of southern chinch bug, is a phloem sieve element.
Family I. Two distinct I waveforms are generated during chinch bug probing, I1 and I2; I1 has a highly irregular appearance, while I2 shows stable repetitions of peaks and waves and usually lasts for many minutes to several hours. These waveforms can either follow H or J waveforms and are thus termed H-I1 (i.e., I1 following H), H-I2, J-I1, or J-I2. All are hypothesized to represent ingestion of some form and are of mixed electrical origin; H-I1 and H-I2 are both hypothesized to represent active ingestion from xylem tracheary elements; in addition, H-I1 may include salivation into xylem cells. J-I1 and J-I2 putatively represent mostly passive ingestion from the phloem sieve element with a tiny active component (represented by the peaks; E.A.B., unpublished data) from cuticular elasticity and some muscular involvement. Like H-I1, J-I1 may also include salivation into phloem cells.
Family N. This waveform is an interruption in the middle of another waveform and is irregular in amplitude and often of short duration. It occurs only during H-I1 and is proposed to represent salivation into and tasting of xylem cells after a period of active ingestion of xylem sap.
Statistical Analysis. The duration for each waveform described above was measured with WinDaq/ Proþ Waveform Browser software at a compression of 10 using 2 s as the minimum duration for a measured waveform. The files were copied into a Microsoft Excel file developed for EPG analysis (Van Giessen and Jackson 1998) and modified for southern chinch bug. The descriptive statistics for feeding behaviors were compiled at the heuristic levels of cohort, insect, probe, and waveform event, using nonsequential response variables (Backus et al. 2007 , Serikawa et al. 2012 . A probe is defined as the time from the insertion of the stylets into plant tissue until stylet withdrawal, including all behaviors performed during stylet penetration and probing. A cohort-level waveform analysis shows the total behavioral repertoire of the southern chinch bug population tested. Cohort-level response variables of total probing duration (TPD) and total waveform duration (TWD) were calculated. The insect-level data (response variables averaged across the N insects assayed) provide behavioral information on an average insect in the cohort. Variables compiled at the insect level included probing duration per insect (PDI), number of probes per insect (NPI), and waveform duration per insect (WDI). The probe-level variable analyzed was probing duration per probe per insect (PDPI). A waveform event is defined as a continuous, uninterrupted occurrence of one waveform type (Almeida and Backus 2004) . The event-level variables quantified were waveform duration per event per insect (WDEI) and number of waveform events per insect (NWEI).
Analysis of variance (restricted maximum likelihood estimation; REML-ANOVA; PROC GLIMMIX, SAS 2005) was used to determine whether the counts or durations of overall probing or each waveform type differed significantly on the four St. Augustinegrass lines. Duration and count data were log-and square roottransformed, respectively, before ANOVA to improve homogeneity of variances. Means were separated with least significant difference (LSD) tests using the LSMEANS option (SAS 2005) and were considered significantly significant at a ¼ 0.05.
Results
Cohort Level. The 88 southern chinch bugs assayed spent a larger percentage of their 24-h plant access time probing when confined on the susceptible Floratam and Palmetto than on the resistant FX-10 and NUF-76 (Fig. 1, TPD) . Chinch bugs spent more than half (Floratam) to two thirds (Palmetto) of their time with stylets inserted in the plant on the susceptible varieties. In contrast, chinch bugs on the resistant varieties spent more than half (NUF-76) to almost threequarters of their access time (FX-10) off the plant or on the plant, but either resting or walking with their mouthparts not in contact with the plant (Fig. 1) . Comparing the polyploid varieties, the TPD on susceptible Floratam was twice as long as that on the resistant FX-10. Similarly on the diploid varieties, TPD on susceptible Palmetto was 1.4 times than that on resistant NUF-76. Large differences between the susceptible and resistant varieties were noted in the total duration of pathway activities (sum of durations of waveforms G1, G2, and H) and in putative phloem ingestion (J-I2; Fig. 1, TWD) . Total duration of pathway activities was 30% (NUF-76) and 53% (FX-10) of total access time, more than three times that on susceptible Palmetto (12%) and Floratam (17%), likely indicating difficulty finding and accessing an ingestion site in the resistant cultivars. On the other hand, the total duration of putative phloem ingestion (J-I2) was four to eight times shorter on the resistant NUF-76 and FX-10 than on the susceptible Palmetto and Floratam, respectively.
Insect Level. As suggested by the cohort-level TPD data (Fig. 1) , the average PDI was significantly reduced, by a third to a half, on the resistant varieties compared with the susceptible varieties (F ¼ 8.05; df ¼ 3, 85; P < 0.0001; Table 1 ). However, there were 48% (diploid) and 80% (polyploid) more probes per insect on the resistant varieties than on the susceptible varieties (F ¼ 6.08; df ¼ 3, 85; P ¼ 0.0008; Table 1 , NPI). How did the average duration of the various waveforms per insect differ among the four varieties of St. Augustinegrass? Chinch bugs were off the plant (Z1) for similar lengths of time on the four varieties but the duration of the on-plant nonprobing waveform (Z2) was significantly longer on FX-10 than on Floratam and NUF-76, and on Palmetto (F ¼ 8.80; df ¼ 3, 84; P < 0.0001; Fig. 2 ). Chinch bugs spent 56 and 72% longer in pathway activities (sum of G1, G2, and H) on the resistant FX-10 and NUF-76 than on the susceptible Floratam and Palmetto, respectively (F ¼ 8.25; df ¼ 3, 84; P < 0.0001). The durations of waveforms associated with salivation into and ingestion from xylem (H-I1 and H-I2) were generally shorter on the resistant FX-10 and NUF-76 than on the susceptible Floratam and Palmetto (H-I1: F ¼ 5.41; df ¼ 3, 85; P ¼ 0.0019, H-I2: F ¼ 5.71; df ¼ 3, 83; P ¼ 0.0013; Fig. 2 ). We observed a different pattern, however, in the phloemassociated waveforms. In particular, insects on the resistant FX-10 exhibited the shortest duration of J-I1 (putative phloem salivation), but the duration of J-I1 on resistant NUF-76 was intermediate between that on the two susceptible varieties (F ¼ 8.58; df ¼ 3, 55; P < 0.0001); J-I1 was longest on Palmetto. For J-I2 (putative passive and active ingestion from phloem), the waveform duration was least on FX-10 but that on NUF-76 was not significantly different from that on the susceptible Floratam (F ¼ 5.58; df ¼ 3, 33; P ¼ 0.0033; Fig. 2 ). Similar to J-I1, J-I2 was longest on Palmetto.
Probe and Waveform Event Level. At the level of individual probes, the average duration per probe was three times longer in the susceptible varieties than in the resistant varieties (F ¼ 18.66; df ¼ 3, 85; P < 0.0001; Table 1, PDPI). Chinch bugs more quickly terminated their probes in the resistant varieties than in the susceptible varieties. We saw distinct differences among the St. Augustinegrass varieties when examining the number of waveform events and the durations of these waveforms over all of the probes performed by an average insect (NWEI and WDEI, Tables 2 and 3, respectively). Chinch bugs performed more nonprobing events on the leaf (Z2 waveforms) on the two resistant varieties than on the susceptible varieties (F ¼ 8.57; df ¼ 3, 84; P < 0.0001; Table 2 ), and the average duration of this waveform was slightly longer in the polyploid FX-10 and Floratam, than in the diploid, finerleaved Palmetto (F ¼ 2.89; df ¼ 3, 84; P ¼ 0.0402; Table 3 ). Of the waveforms produced during probing, the chinch bugs produced many more G1 waveforms (indicative of epidermal penetration) in the resistant varieties than in the susceptible varieties (F ¼ 9.01; df ¼ 3, 84; P < 0.001; Table 2) but the duration of those waveforms did not differ among the varieties (Table 3) . Early pathway stylet activities (G2) did not differ among the varieties but chinch bugs produced longerduration H waveform events (later pathway) on the resistant varieties (F ¼ 7.58; df ¼ 3, 84; P ¼ 0.0002; Table 3 ). The numbers of xylem ingestion events (H-I1 and H-I2) did not differ among the varieties (Table 2) , but the durations of both waveforms were significantly reduced on the resistant varieties, to less than a third of those on susceptible Floratam and Palmetto (H-I1: F ¼ 13.01; df ¼ 3, 84; P < 0.0001, H-I2: F ¼ 9.24; df ¼ 3, 83; P < 0.0001; Table 3 ). The data indicate that the chinch bugs initiated ingestion of xylem sap as frequently on resistant varieties as on susceptible varieties but ingested for a much shorter period of time on the resistant FX-10 and NUF-76. This is confounded somewhat by the increased number of N waveforms (interruptions of the H-I1 waveform) that occurred on NUF-76 (Table 2 ) compared with the susceptible varieties. Because an H-I1 waveform interrupted by an N waveform would be counted as two occurrences of H-I1, it is likely that fewer bouts of xylem ingestion events (i.e., in a single xylem cell) were actually initiated in NUF-76 compared with the other varieties.
There was no difference in the number or durations of the J waveform (putative phloem contact), but the durations of J-I1 and J-I2, phloem-associated stylet activities, were dramatically reduced in FX-10 compared with the other varieties (J-I1: F ¼ 10.77; df ¼ 3, 55; P < 0.0001, J-I2: F ¼ 3.88; df ¼ 3, 33; P ¼ 0.0177; Table 3 ). There were marginally significant differences in the number of events of J-I1 (P ¼ 0.0696) and J-I2 (P ¼ 0.0536), indicating that chinch bugs initiated phloem contact or salivation or tasting (J-I1) slightly more frequently in the diploid varieties than in the polyploid varieties. Yet, nonetheless, the number of sustained phloem ingestion events (J-I2) was reduced in 28.4 6 6.7a 14.2 6 1.9a 9.3 6 2.2b 4.2 6 0.4b <0.0001
Means within a row followed by the same letter are not significantly different at a ¼ 0.05 (LSD means test). the resistant varieties, whether diploid or polyploid (Table 2) .
Discussion
The EPG data reveal that the southern chinch bugs were on the plant but not feeding (Z2 waveforms) on resistant FX-10 and NUF-76 for a longer time than on susceptible Floratam and Palmetto. These results agree with our previous studies, which showed that fewer southern chinch bugs were found on resistant FX-10 and NUF-76 than on Floratam, Palmetto, and Bitter Blue in a choice experiment, suggesting the presence of strong antixenosis (Rangasamy et al. 2006) . When the insects were tethered on the plants during EPG, they spent more time in nonprobing activities, such as resting or walking, than on ingestion on resistant FX-10 and NUF-76 than when on susceptible Floratam and Palmetto. The short durations of sustained ingestion on FX-10 and NUF-76 and long duration sustained ingestion on Floratam and Palmetto also corroborate our previous results (Rangasamy et al. 2006) , which showed that, because of reduced ingestion, significantly fewer excretory spots were produced by chinch bugs feeding on FX-10 and NUF-76 than on the susceptible varieties.
Successful insect colonization on a host plant depends on host plant acceptability. For a phloemingesting insect with piercing and sucking mouthparts, host acceptability depends partly on the ability of the insect stylets to reach the phloem and partly on the quantitative and qualitative properties of phloem sap (Klingauf 1987) . On a suitable host, the insect will spend less time in the stylet pathway phase (G and H waveforms in our research) and more time in the ingestion phase, which could be interpreted as the behavioral correlates of host plant acceptance and suitability, respectively (Montllor and Tjallingii 1989) . On resistant plants, stylet probing by many insects is often characterized by more frequent probes that do not reach the phloem sieve elements and longer pathway waveforms (Tarn and Adams 1982, Dreyer and Campbell 1987) . In previous research, we noted that there were many more salivary sheaths produced on FX-10 and NUF-76 compared with susceptible varieties and that the sheaths often terminated before reaching the innermost meristematic tissue in St. Augustinegrass leaf sheathes (Rangasamy et al. 2009a) . Corroborating those data, we found in this EPG study that southern chinch bugs confined on resistant FX-10 and NUF-76 probed The present study clearly shows that southern chinch bugs spent more time on FX-10 and NUF-76 in pathway activities (waveforms G1, G2, and H) than on Palmetto and Floratam. These results suggest that the insects can perceive significant differences among the four St. Augustinegrasses tested before their stylets reach the phloem sieve elements; thus, the resistance factors in FX-10 and NUF-76 may reside in tissues encountered by the chinch bug stylets prior to reaching the vascular bundle. The cell wall thickness of the sclerenchyma cells surrounding the vascular bundles in FX-10 and NUF-76 is much greater than the thickness of the sclerenchyma cell walls in Floratam and Palmetto (Rangasamy et al. 2009a) , perhaps blocking access of stylets to preferred tissues for ingestion and accounting for the longer duration of pathway activities.
Southern chinch bugs also spent less time in ingestion activities on the resistant varieties, but this was dependent on the tissue from which the insects were ingesting and at which level the data were analyzed (event or insect). The durations of xylem ingestion (H-I1 and H-I2) per event were significantly shorter in chinch bugs feeding on the resistant St. Augustinegrass varieties than on the susceptible varieties; however, per insect, durations of H-I1 for the two diploid varieties were intermediate between the shortest duration on FX-10 and the longest duration on Floratam. Durations of phloem salivation and passive ingestion (J-I1), and active ingestion from phloem (J-I2), per event and per insect, were reduced on FX-10 relative to the susceptible varieties but not significantly reduced on NUF-76.
Resistance factors residing in sieve elements are often indicated by short durations of phloem ingestion waveforms (Campbell et al. 1982 , Ryan et al. 1987 , van Helden and Tjallingii 1993 , Cole 1994 , Caillaud et al. 1995 , Paul et al. 1996 , Klingler et al. 1998 , Sauge et al. 1998 , Kaloshian et al. 2000 , Tjallingii 2006 ). Jiang and Walker (2007) found that the silverleaf whitefly, Bemisia argentifolii Bellows and Perring (aka B. tabaci, biotype B), terminated phloem ingestion waveforms more often and spent reduced durations ingesting on whitefly-resistant alfalfa clones than on susceptible clones. The latter findings suggested that this ingestion behavior could be due to the chemical constituency of the phloem sap such as presence of toxins or deterrents or lack of stimulants. A shorter duration of phloem ingestion waveforms could also be caused by a physical blockage of phloem sap by callose deposition causing a long-term plugging (Eschrich 1975) , or by phloemspecific proteins as a temporary defense measure, or by other sieve tube-sealing mechanisms (Van Bel 2003) . As evidence for the blockage of sap flow, Jiang and Walker (2007) reported that on one of the whitefly alfalfa clones, phloem sap ingested per unit time (correlated with honeydew production) was reduced and a longer lag time was observed between the last drop of honeydew produced and the termination of ingestion waveform. They speculated that the whitefly might have tried to continue the ingestion even after a possible phloem blockage (and last observed drop of honeydew) but eventually gave up because of difficulty in ingestion.
In our research, the phloem sap in FX-10 did not stimulate sustained ingestion, as shown by reduced duration of phloem ingestion compared with that on Palmetto and Floratam. The shorter duration of phloem ingestion could be due to the presence of resistance factors in phloem sap or blockage of sieve elements and could be an important component of southern chinch bug resistance in FX-10.
The mechanism of damage to St. Augustinegrass by southern chinch bug feeding is unknown, but likely due to direct feeding damage rather than transmission of a plant pathogen. An analogous system is feeding damage, termed hopperburn, by Empoasca species leafhoppers, which is caused by a combination of salivation and ingestion and stylet laceration in phloem and salivation in xylem (Backus et al. 2005) . Long durations of xylem salivation or ingestion on Palmetto could contribute to southern chinch bug feeding damage on that susceptible grass variety. Thus, reduction of both phloem and xylem salivation or ingestion could be one mechanism of resistance in St. Augustinegrass.
Our current research contributes to the continuing challenge to develop chinch bug-resistant St. Augustinegrass varieties by providing exact details on feeding behavior of southern chinch bugs, suggesting both non-phloem-and phloem-based resistance factors. Further studies on St. Augustinegrass phloem and xylem constituents using the stylectomy technique are required to investigate the mechanism of hindrance to stylet penetration in FX-10 and NUF-76.
